Acute ambient ozone (O 3 ) exposure is associated with the increased mortality and morbidity of cardiovascular diseases. The dysfunction of cardiac autonomic nervous system (ANS), indicated by the disturbed heart rate variability (HRV), may be the most important underlying mechanism. Previous studies reported the heterogeneous associations between O 3 within several hours' exposure and HRV on general elderly subjects, in which poor surrogate of exposure evaluation and different health status of the subjects may be responsible for the heterogeneous associations. No studies were found focusing on the O 3 -mediated HRV effects within several minutes' exposure on healthy older subjects until recently. We measured the real-time 5-min ambient O 3 concentration and HRV frequency indices in 20 healthy elderly subjects in two surveys, with the 1st and 2nd survey in summer and winter, respectively. Mixed-linear model was used to evaluate the associations between the ambient 5-min average O 3 and concurrent 5-min HRV frequency indices measured during the outdoor period. After adjusting the co-pollutants (ambient PM 2.5 and nitrogen oxides concentrations) and subject characteristics, high frequency (HF) changed -4.87% (95% CI -8.62 to -0.97%) per 10 ppb increment of O 3 , whereas decreased low frequency (LF) and increased LFHFR were found to be marginally associated with the elevated O 3 (P values were 0.092 and 0.069). We concluded that the ambient O 3 exert transient decrease effects on HRV, which may induce acute cardiac events.
Introduction
Ozone (O 3 ) is one of the main traffic-related pollutants in urban ambient air. Previous studies have shown that the acute elevated O 3 exposure is associated with the increased morbidity and mortality of cardiovascular diseases (Anderson et al., 1996; Borja-Aburto et al., 1997; Gryparis et al., 2004; Levy et al., 2005; Ruidavets et al., 2005; Hsieh et al., 2010) . The dysfunction of cardiac autonomic nervous system (ANS), as indicated by the disturbed heart rate variability (HRV), has been reported to induce or associate with the acute cardiovascular diseases (hypertension, myocardial ischemia, etc.) , and suggested as one of the underlying mechanisms by which O 3 may increase cardiovascular risks (Kop et al., 2001; Utell et al., 2002; Thayer and Lane, 2007) .
Previous studies reported the heterogeneous associations between O 3 and HRV. Some showed decreased effects on HRV indices of O 3 within several hours' exposure (Gold et al., 2000; Holguin et al., 2003; Liao et al., 2004; Park et al., 2005) , however, others reported weak or insignificant associations Lipsett et al., 2006; Luttmann-Gibson et al., 2006; Wheeler et al., 2006) . Several reasons may explain the heterogonous associations. (1) The elderly individuals with cardio-pulmonary diseases were chosen as the subjects in previous studies, and no study was found examining the associations in the healthy elderly individuals. It has long been demonstrated the HRV indices change with health status (cardio-pulmonary status) and drug mediations (Antelmi et al., 2004; Felber Dietrich et al., 2006; Rajendra Acharya et al., 2006) , and the response of HRV to the stimulus of O 3 are suggested to be disturbed by the healthy status and drug mediations (Holguin et al., 2003; Park et al., 2005) ; (2) Most of the previous studies evaluated association between the O 3 concentrations monitored in the ambient stations and HRV indices measured indoors (Gold et al., 2000; Holguin et al., 2003; Liao et al., 2004; Park et al., 2005; Schwartz et al., 2005) . The exposure error may occur because of the great discrepancy between indoor and outdoor O 3 concentration and the variations of indoor O 3 concentration from room to room. Because O 3 is highly reactive in indoor environment, the concentration of indoor O 3 depends on a number of factors, including the air-exchange rates, outdoor ozone concentration, surface removal rates, and reactions with other chemicals in the air, which make the indoor ozone concentrations vary significantly from room to room, structure to structure (Weschler, 2000) . It was also reported that indoor ozone levels ranged from 10% to 80% of outdoor levels under the condition without the indoor emissions (Hayes, 1991) .
In this study, we chose healthy elderly individuals as our study panel, which may exclude the confounders from the health status and drug mediation, and provide the evidence for the O 3 -mediated HRV effects of healthy elderly subjects. Furthermore, we evaluated the O 3 exposure and HRV indices when the study subjects were outdoors to ensure the maximal comparability between exposure and outcome variables.
Methods

Study Protocol and Recruitment of Participants
We conducted two surveys for the study, with the 1st survey period from 14 August 2008 to 3 September 2008 (summer) in Beijing; and the 2nd survey period from 23 February 2009 to 17 March 2009 in Beijing. The measurements were conducted on the weekdays (from Monday to Friday) in order to exclude the unusual activity on the weekends for the elderly subjects.
We chose the community at the intersection of several busy traffic roads, where ambient O 3 that comes from mainly the secondary pollutants maintained at relatively higher level.
A total of 41 healthy subjects initially recruited from the annual health checkups at the community health center were willing to participate in our study. All the subjects completed a questionnaire and informed consent before the study. We conducted a physical examination for every subject before study period, which included blood pressure, X-ray chest perspective, height and weight measurement, and the examinations of blood markers.
The subjects were excluded according to the following criteria: (1) subjects who are current smokers or have exposure to smoke, dusts, or fumes; (2) Subjects who suffer from obesity (body mass index (BMI) 430 kg/m 2 ), and history of diabetes, hypertension or other chronic diseases, and common cardiopulmonary diseases (atrial fibrillation, second degree heart block, left bundle branch block, paced rhythm, unstable angina, myocardial infarction, pneumonia, asthma, or chronic obstructive pulmonary disease); (3) subjects who have abnormal hemogram indices. In all, 39 subjects were included in our panel, in which 30 subjects took part in the first period survey and 29 subjects took part in the second study survey. We chose 20 subjects who participated in both surveys and offered the HRV measurements monitored outdoors.
All the subjects in the panel are retirees and their scope of activities are within 1 km around the community. Ethical approval for the study was given by the Institutional Review Board of Peking University Health Science Center.
HRV Measurements
During each survey, the subjects' 24-h ambulatory electrocardiograms (ECG) were recorded. Participants were hooked up to the Holter monitors by the trained and officially certified technicians who carried out all analyses. All findings could either be accepted or rejected according to the criteria of quality control (Anonymous, 1996) . For each survey, subjects wore the Holter recorder for 24 h from 0900 hours to 0900 hours the next day. The subjects were asked to follow their regular daily activity and recorded the daytime activity diary including: places (inside or outside; 1/0), activity (yes or no; 1/0), and so on every 30 min during the 24-h HRV recording.
The 24-h ambulatory ECG was recorded using the Holter monitors (H12 þ , Ver 1.0, Motara Instrument, Milwaukee, WI, USA for the first survey; MGY-H7, DM software, Stateline, NV, USA for the second survey). Two frequency indices, that is, high frequency and low frequency, were calculated in 5-min segments for the entire recording using the Fast Fourier Transform (FFT) with PC-based software (H-Scribe, Ver3.7, Motara Instrument for the first survey; Holter System Ver12.net, DM Software for the second survey).
We used two common frequency domain indices of HRV in the analyses: LF power (0.04-0.15 Hz), which has been shown to reflect both sympathetic and parasympathetic influence, and HF power (0.15-0.4 Hz) of HRV, which measure was believed to reflect mainly the vagal (parasympathetic) part of autonomic nervous input to heart. We calculated the LF and HF ratio indicated by LFHFR to express the relative balance between sympathetic-vagal nervous activity (Stein et al., 1994) .
Considering great variations of indoor O 3 from roomto-room and structure-to-structure (Weschler, 2000) , which makes it very difficult to evaluate the indoor O 3 exposures of the subjects, we chose the HRV measured when the subjects were outdoors according to the time-activity diary to explore the effects of ambient O 3 on HRV indices. As the elderly subjects spent only 10% of the HRV measurements outdoors, the mean±SD samples of outdoor 5-min Holter recordings were 60±30 after the exclusion of the noises.
Monitoring of Ambient Pollutants and Meteorological Parameters
The real-time ambient meteorological data (Temp and RH) and O 3 concentration logged by 1-min interval and the ambient daily average PM 2.5 and nitrogen oxides (NO x ) concentrations were measured concurrently with the HRV testing. The ambient monitors were placed on the rooftop of the residential building in the community with no emissions nearby.
The temperature (Temp) and relative humidity (RH) were recorded by the HOBO Pro V2 Temp/RH (Onset, Pocasset, MA, USA) continuously for every 1 min. The minute mean ambient O 3 concentrations were measured by Manual Ozone Gas Leak Monitor (ELM1; Ebara Jitsugyo, Tokyo, Japan).
Cyclones (ATPS-20H; Sibata Scientific Technology, Tokyo, Japan) and alternating current (AC)-operated pumps (MP-S300; Sibata Scientific Technology) with a flow rate of 1.5 l/min were used for collection of ambient PM 2.5 samples. The filters were weighed to determine mass of daily PM 2.5 . We also measured ambient daily average NO x concentrations using an Ogawa passive sampler (Ogawa Air, Osaka, Japan) and conducted the analysis according to the manufacturer's specifications.
Statistical Methods
We preliminarily compared the variables in the model analysis between the two surveys using the Wilcoxon test, and then used the mixed linear model to evaluate the associations of ambient O 3 and HRV indices.
The different moving averages of O 3 (from 5-min moving average to 120-min moving average) before each 5-min average HRV measurement were used as the exposure indices to study the short-term effects. The HRV frequency indices (HF, LF, and LFHFR) were log10 transformed for the analyses. We analyzed data using SAS statistical package (proc mixed in SAS version 9.1; SAS institute, Cary, NC, USA). Mixed linear models take into account repeated observations and assume constant correlation between observations within a subject. We treated O 3 and the confounding variables (PM 2.5 , NO x , Temp, RH, gender, age, BMI, survey number, and activity) as fixed effects and the intercept for each subject as a random effect (Riediker et al., 2004) . And the results were insensitive to alternative model specifications.
The effects on the HRV indices per 10 ppb increases of O 3 were estimated as percent change: (10 (b Â 10) -1) Â 100%, and 95% confidence intervals (CIs) using the following formula: (10 10 Â (b±1.96 Â SE)] -1) Â 100%, where b and SE were the estimated regression coefficient and its standard error, respectively. The single pollutant model (only O 3 as exposure pollutant) and the multi-pollutant model (PM 2.5 and NO x as co-pollutants) were used to detect the stability of the model.
Results
All the 20 subjects (5 male and 15 female) who participated in both surveys successfully were included in our panel. Table 1 shows the detailed characteristics of subjects included in the final analysis, with all the indices ranged within the normal references. The mean ages of all the subjects were 58.7 years old (ranged from 52 years to 73 years), and the average BMI of the subjects was 24.32 kg/m 2 (range, 19.14-29.09 kg/m 2 ). All the 20 subjects were in good health status, and their blood pressures, blood cholesterol, triglycerides, and lipoproteins fluctuated in normal ranges. None of the subjects was reported to have a history of cardiovascularpulmonary diseases or be current smokers. Table 2 shows the distributions of ambient exposure variables in both survey periods. The ambient temperature and relative humidity (Temp and RH) are much higher in 1st survey period than those in the 2nd survey period. No statistical differences are found for the ambient 5-min average O 3 and daily average PM 2.5 concentrations in the 1st survey with those in the 2nd survey. The daily average NO x concentration in the 2nd survey is much higher than that in the 1st survey (median: 124.97 mg/m 3 vs 37.66 mg/m 3 ), which is consistent with other monitoring data in Beijing. The fluctuations of ambient 5-min average O 3 concentration , and LFHFR: median 1.63 vs 3.26; Po0.00). Because of the same panel subjects measured in the two surveys, LF which is a whole-indices reflecting both the sympathetic and vagal activities of ANS showed no significant discrepancy between 1st and 2nd survey (P ¼ 0.32).
As shown in Table 4 , HF changes À5.00% (95% CI À8.74% to À1.11%) and À4.87% (95% CI À8.62% to À0.97%) separately per 10 ppb increment of ambient O 3 in the single and multi-pollutant models. Moreover, 5-min average O 3 is marginally associated with decreased LF and increased LFHFR (P values ranged from 0.06 to 0.10). LF and LFHFR changes À2.84% (95% CI À6.03% to 0.46%) and 2.36% (95% CI À0.18% to 4.96%), respectively, per 10 ppb increment of ambient O 3 in the multi-pollutant models, with the P values 0.092 and 0.069, respectively. The results show slight changes in the magnitude of relations of O 3 with HRV indices between two models (shown in Table 4 ). No significant effects are found between daily average PM 2.5 and NO x on HRV indices, with the P value 40.1 in the model analysis (data not shown). We also conducted separate analysis of the associations between ambient O 3 and HRV indices in the 1st and 2nd survey period. The results are consistent in the trend with those from the combined data analysis. The combined data from two surveys were used to obtain the associations of O 3 and HRV in the whole year.
We explored the effects of different O 3 moving averages (from 5 min to 120 min) on HRV indices. As shown in Figure 1 , different moving averages of O 3 (from 15 min to 120 min) are marginally associated with decreased HF and increased LFHFR (P value 0.05-0.10). No prominent lag effects of ambient O 3 on HRV were found. Because of the concurrent monitor design of 5-min O 3 and HRV indices, loss of valid data occurred during the lag evaluations and our study can not provide evidence for the lag effects.
Discussion
In our study, we measured the real-time ambient O 3 concentrations and the changes of HRV frequency indices in a panel of healthy elderly subjects, when they were outdoors in two surveys (summer and winter). We found that the elevated ambient O 3 exposure was associated with the transient decreased HF and increased LFHFR in the healthy elderly subjects. Our study provided the first evidence for the associations between O 3 and HRV in the healthy elderly subjects. All the 5-min HRV indices were measured when subjects were outdoors (total) and divided by survey (1st survey/2nd survey). b Sample size (observation windows) after excluding all abnormities and noises. c P values of the 1st survey-2nd survey difference for 5-min HRV indices using the Wilcoxon two-sample test.
Effect of 0 3 exposure on HRV in healthy elderly adults Jia et al.
Heterogeneous effects of O 3 exposure within several hours on HRV indices of the elderly individuals in different cardiopulmonary status were reported in previous studies. Some showed the significantly negative associations, whereas others reported the marginally negative or insignificant associations. Different health status, especially the cardiac-pulmonary status and the drug mediation may disturb the effects of O 3 on HRV greatly, which have been demonstrated in previous studies: Park et al. (2005) reported the different associations between 4-h O 3 and HRV indices of the subjects with different health statuses and drug mediations. For the subjects with IHD significant decreased associations were found, whereas for the subjects with hypertension and diabetes, only weak or insignificant associations were found; the subjects using beta-blocker, calcium channel blocker, or ACE inhibitor showed lower negative associations (Park et al., 2005) . Holguin et al. (2003) also reported the significant associations between 1-h maximum O 3 and HF and LF in the elderly subjects, which is more prominent for the subjects with hypertension than those without hypertension (Holguin et al., 2003) . We investigated the associations of O 3 and HRV indices in the healthy elderly panel, which may exclude the modifiers from the healthy status and drug mediations.
Previous studies suggested the great deviation of indoor O 3 from outdoor O 3 concentrations and the variations of indoor O 3 concentrations from room-to-room, structure-tostructure (Hayes, 1991; Weschler, 2000) , which makes it difficult to evaluate the indoor O 3 exposure of the subjects using outdoor O 3 concentrations. The exposure error may occur when the O 3 concentrations were monitored in the ambient stations and HRV indices were measured when the subjects were indoors, which were conducted in previous studies (Gold et al., 2000; Holguin et al., 2003; Liao et al., 2004; Park et al., 2005; Schwartz et al., 2005) . We used the 5-min real-time HRV indices and concurrent ambient O 3 concentrations measurement design and chose the HRV measurements when the subjects were outdoors to ensure more comparability, which may provide more powerful evidences to demonstrate the associations between ambient O 3 and HRV indices. Former studies reported effects of O 3 within hours (1-h, 4-h, 8-h, 24-h, and 48-h, etc.) of exposure on HRV (detailed in Table 5 ). We conducted the concurrent real-time O 3 and HRV measurement design and examined the transient effects of O 3 exposure within several minutes on HRV for the first time. In our study, we found 5-min average ambient O 3 was associated with the decreased HRV-HF and increased LFHFR in the healthy elderly subjects. We also explored the lag effects of O 3 and found marginal associations. Because the exposure and outcome variables were monitored concurrently and continuously by 5-min segment and valid data loss occurred in the lag evaluation, the lag effects of O 3 may not be excluded in our study.
Our study showed first time the decreased effects of elevated 5-min O 3 exposure on HRV frequency indices, especially the HF in the healthy elderly subjects, which is similar with some former studies on the associations between O 3 exposures within several hours and HRV in the elderly subjects with cardio-pulmonary diseases (Gold et al., 2000; Holguin et al., 2003; Liao et al., 2004; Park et al., 2005) . Park et al. (2005) reported the LF decreased 11.5% per 13 ppb increment of 4-h average O 3 (Park et al., 2005) . Gold et al. (2000) showed r-MSSD, a measure which corresponds to HF, decreased 17.9% of mean per 23.0 ppb increment of 1-h O 3 exposure (Gold et al., 2000) . We also showed more prominent effects of O 3 on HRV were observed in winter survey. The underlying reasons may be because of the differences in HRV baseline and interactions of other copollutants; however, more detailed mechanism needs further studies.
HRV analysis is thought to reflect the hearts' ability to adapt to changing circumstances by detecting and quickly responding to unpredictable stimuli, that is, the ability to assess overall cardiac health and the status of ANS. HRV frequency indices were used successfully to evaluate the cardiac autonomic nervous system. High frequency (HF: 0.15-0.40 Hz) spectral power reflects primarily parasympathetic influences, whereas low frequency power (LF: 0.04-0.15 Hz) has been shown to reflect both sympathetic and parasympathetic influences. The LFHFR reflects the relative balance between the sympathetic and parasympathetic nervous (Anonymous, 1996; Acharya et al., 2006) . The results from our study implied the exposure to ambient O 3 was associated with the withdrawal of cardiac parasympathetic nervous activity (decreased HF) and prominence of sympathetic nervous activity (increased LFHFR). The dysfunction of the cardiac ANS, especially for the withdrawal of parasympathetic nerves and sympathetic nerves prominence expressed by the decreased HF and increased LFHFR have been proven as an important mechanism of cardiovascular diseases morbidity and mortality (Tsuji et al., Wheeler et al. (2006) Panel study in 30 older subjects (aged 55-73 years, 18 were COPD patients, 12 were MI patients) for 5 or more follows 4-h ozone with the median of 17.0 ppb were obtained from ambient sites No associations were found between 4-h O 3 and HRV-SDNN Abbreviations: SDNN, SD of NN-intervals; TP, total power; k, significant decrease. RMSSD denotes root mean square of successive differences in normal beat intervals, is highly correlated with HF in the biological plausibility.
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Our study also has several limitations. First, we only measured the ambient daily average PM 2.5 and NO x concentrations as the co-pollutants because of the limited conditions. Second, only about 10% of the 24-h HRV testing was measured outdoors, which result in too few data to explore the lag effects of O 3 . Improvement was needed in further studies.
Conclusion
In conclusion, our study provides the first evidence for the acute effects of ambient O 3 exposure within several minutes on decreased HRV indices in the healthy elderly subjects.
